Chronic lymphocytic leukemia (CLL) is a malignant disease of small mature lymphocytes. Previous studies have shown that CLL B lymphocytes express relatively large amounts of CD74 mRNA relative to normal B cells. In the present study, we analyzed the molecular mechanism regulated by CD74 in B-CLL cells. The results presented here show that activation of cell-surface CD74, expressed at high levels from an early stage of the disease by its natural ligand, macrophage migration-inhibition factor (MIF), initiates a signaling cascade that contributes to tumor progression. This pathway induces NF-B activation, resulting in the secretion of IL-8 which, in turn, promotes cell survival. Inhibition of this pathway leads to decreased cell survival. These findings could form the basis of unique therapeutic strategies aimed at blocking the CD74-induced, IL-8-dependent survival pathway.
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apoptosis ͉ invariant chain B cell chronic lymphocytic leukemia (B-CLL) is characterized by the progressive accumulation of CD5 ϩ B lymphocytes in peripheral blood, lymphoid organs, and bone marrow (1) . The hallmark of the disease is decreased apoptosis, resulting in accumulation of these malignant cells. Previous studies have shown that chronic lymphocytic leukemia (CLL) lymphocytes express relatively large amounts of mRNA for CD74, which is the cell-surface form of invariant chain (Ii), as compared with normal B cells (2, 3) . CD74 is a nonpolymorphic type II integral membrane protein, which was originally thought to function mainly as an MHC class II chaperone (4) . However, CD74 recently was found to play an additional role as an accessory-signaling molecule. In macrophages, CD74 demonstrates high-affinity binding to the proinflammatory cytokine, macrophage migration-inhibitory factor (MIF). MIF binds to the extracellular domain of CD74; this complex is required for MIF-mediated MAPK activation and cell proliferation (5) . Moreover, the bacterium Helicobacter pylori was shown to bind to CD74 on gastric epithelial cells and to stimulate IL-8 production (6) .
In a previous study, we showed that CD74 is involved directly in shaping the B cell repertoire (7, 8) by a pathway leading to the activation of transcription mediated by the NF-B p65/RelA homodimer and its coactivator, TAFII105 (9) . NF-B activation is mediated by the cytosolic region of CD74 (CD74-ICD), which translocates to the cell nucleus (10) . This signal is terminated by degradation of the active CD74-ICD fragment (11, 12) . Moreover, we demonstrated recently that CD74 stimulation with an agonistic CD74 antibody leads to NF-B activation, enabling entry of the stimulated B cells into the S phase, an increase in DNA synthesis, cell division, and augmented expression of members of the Bcl-2 protein family. Thus, these findings indicate that surface CD74 functions as a survival receptor (13) .
In the present study, we sought to determine whether CD74 functions as a survival receptor in B-CLL cells. Our results show that MIF-induced CD74 activation initiates a signaling cascade that results in secretion of IL-8, which regulates B-CLL survival. Blocking this pathway induces cell death. Thus, CD74 expressed on the surface of B-CLL cells plays a critical role in regulating the survival of these malignant cells.
Results

CD74 Expression Is
Highly Up-Regulated in B-CLL. To determine whether activation of the cell-surface protein CD74 in B-CLL cells leads to the induction of a signaling cascade that promotes the survival of these malignant cells, we first wished to determine the stage of the malignancy at which CD74 expression is up-regulated in B-CLL cells. Murine peripheral B cells (immature and mature populations) express cell-surface CD74 (13) . We therefore used normal circulating mature B cells as a control for the malignant B-CLL cells, as was done in other studies of various aspects of CLL (14, 15) . Purified B cells from healthy subjects as well as early-and advanced-stage B-CLL patients were analyzed by means of RT-PCR for the presence of CD74 mRNA (a segment common to all isoforms). As shown in Fig. 1A , low levels of CD74 were detected in normal B cells, whereas elevated levels of CD74 mRNA were observed in all of the CLL patients, regardless of the stage of disease [see supporting information (SI) Table 1 ]. To determine the levels of CD74 protein, lysates of normal B cells and early-and advancedstage B-CLL cells were analyzed by Western blot analysis for CD74 expression. A significant elevation of the different CD74 bands corresponding to the various CD74 isoforms was detected in cells derived from B-CLL patients, regardless of disease stage (Fig. 1B and SI Table 1) .
Next, we determined by flow cytometry whether these elevated levels of CD74 were expressed on the cell surface of B-CLL cells. As shown in Fig. 1C , compared with normal B cells, higher levels of CD74 were expressed on the cell surface of all B-CLL cells.
These results were uniformly seen in all of the samples examined regardless of the clinical parameters of the patients, including stage of the disease (either Rai or Binet), lymphocyte count, doubling time, previous administration of chemotherapy, type of chemotherapy, age, sex, morphology of the cells, Ig level, autoimmune phenomena, or CD38% and Zap-70 (see SI Tables 1 and 2 ).
Human CD74 Activates a Cell-Survival Pathway. We demonstrated previously that in mouse B cells, CD74 releases its cytosolic domain (CD74-ICD) and initiates a signaling pathway that activates NF-B and promotes cell survival (13) . To determine whether human CD74 (hCD74) triggers a similar cascade, we followed the behavior of the p35 isoform (amino acids 1-232) in HEK-293-transfected cells. HEK-293-transfected cells were lysed with hot SDS, and the release of CD74-ICD was analyzed by Tricine gel. As seen in Fig.  2A , an intramembrane cleavage event liberated the CD74 p35 isoform cytosolic domain. Furthermore, CD74 cell-surface stimulation with an agonist antibody or MIF (data not shown) resulted in the specific augmentation of CD74-ICD release.
We next sought to verify whether hCD74, like its murine counterpart, can activate the NF-B activation domain in the nucleus (9) . To this end, a fusion construct containing the C-terminal transactivation domain of p65/RelA and the DNA-binding domain of the yeast transcription factor Gal4 was cotransfected into HEK-239 cells, along with a luciferase reporter containing the Gal4-binding sites, with hCD74 (9), and with the RSV promoter that was used as a reference. As shown in Fig. 2B, p35 induced activation of NF-B activation domain.
To reveal whether hCD74 induces a survival cascade, we examined its effect on the transcription of Bcl-2 in HEK-239 cells. Full-length hCD74 and its cytosolic domain (amino acids 1-72) indeed induced Bcl-2 transcription in these cells, whereas hCD74 lacking the cytosolic domain (amino acids 73-232) was unable to elevate Bcl-2 mRNA levels, thereby demonstrating that the cytosolic domain of hCD74 is an essential component of the survival cascade (Fig. 2C) . Moreover, activation of cell-surface hCD74 with an activating anti-CD74 antibody or with MIF, the natural ligand of CD74 (5), significantly elevated the levels of Bcl-2 transcription in HEK-239 cells (Fig. 2 D and E) . This elevation was specific to CD74 stimulation and did not occur in cells transfected with empty construct or with hCD74 lacking its cytosolic domain (Fig. 2E) . Thus, similar to the pathway that we recently demonstrated in mouse cells (13) , human CD74 activates a cell-survival pathway resulting in Bcl-2 transcription.
Activation of Cell-Surface CD74 in B-CLL Cells Initiates a Survival
Cascade. To determine whether cell-surface CD74 has a similar role in B-CLL cells and transmits a signal that results in activation of downstream signaling cascades in B-CLL cells, we used the stimulatory anti-CD74 antibody, which recognizes the CD74 extracellular domain of both the human and mouse gene products. As MIF has also been associated with the growth of malignant cells (16) . To determine whether MIF expression is up-regulated in B-CLL cells, we analyzed its mRNA levels in healthy individuals (control) as well as B-CLL patients. As shown in Fig. 2H , a significant elevation in MIF transcription was detected in B-CLL cells, suggesting that MIF plays a role in these malignant cells. We next analyzed the effect of MIF on the survival cascade in B-CLL cells. As demonstrated in Fig. 2 , MIF activation increased Bcl-2 expression (Fig. 2I ) and protein production (Fig. 2 J) , demonstrating that MIF induces a survival cascade in these malignant cells (see SI Table 3) .
ISO-1 is a nontoxic inhibitor of MIF that binds to bioactive MIF at its N-terminal tautomerase site (17) . To determine whether MIF secreted from B-CLL regulates Bcl-2 expression, we analyzed its mRNA levels in cells incubated in the presence or absence of this inhibitor. As shown in Fig. 2K , ISO-1 down-regulated Bcl-2 mRNA levels significantly, showing that MIF secreted by B-CLL cells regulates their survival. Moreover, we used a humanized anti-CD74 antagonistic antibody (hLL1) that has demonstrated therapeutic potential on malignant cells (18) . As shown in Fig. 2L , hLL1 specifically down-regulated Bcl-2 mRNA levels, demonstrating that blocking CD74 activity inhibits cell survival. Thus, MIF binding to CD74 induces survival of human B-CLL cells.
IL-8 Is a Target Gene of CD74 in B-CLL Cells. It was demonstrated previously that B-CLL cells constitutively produce and release biologically active IL-8. IL-8 functions to promote the accumulation of B-CLL cells by prolonging survival (19) . Moreover, the bacterium H. pylori was recently shown to bind to CD74 on gastric epithelial cells and to stimulate IL-8 production (6). Therefore, we wished to determine whether IL-8 serves as a target gene influenced by CD74 activation in B-CLL cells and participates in the survival pathway.
To determine whether IL-8 expression is indeed modulated by CD74, we first used RT-PCR to analyze its transcription levels in HEK-293 cells transfected with full-length hCD74 (amino acids 1-232) versus an empty vector or a CD74 construct lacking its cytosolic domain (amino acids 73-232). As seen in Fig. 3 A and B , activation of cell-surface CD74 by either agonistic anti-CD74 antibody or MIF increased IL-8 mRNA levels. The elevation in IL-8 mRNA was specific to CD74 stimulation and the release of its cytosolic domain, because it was not observed in cells transfected with empty construct or with hCD74 lacking its cytosolic domain (Fig. 3B) . We next used an ELISA to analyze IL-8 secretion after CD74 stimulation. As shown in Fig. 3C , stimulation of hCD74 transfected to HEK-293 cells with MIF or with anti-CD74 agonistic antibody augmented IL-8 secretion.
We next examined whether IL-8 expression in B-CLL cells is regulated by CD74. To this end, IL-8 gene expression was examined after CD74 stimulation by the agonistic antibody and was found to be augmented (Fig. 3D) . We also examined whether MIF regulates IL-8 expression by examining B-CLL cells stimulated with 100 ng/ml MIF. As shown in Fig. 3E , IL-8 transcription was augmented after MIF stimulation of these cells. To further support the mRNA RT-PCR data, we used an ELISA to analyze the levels of IL-8 secretion into the conditioned medium of cells derived from B-CLL patients 18 h after CD74 stimulation (Fig. 3F) . Approximately 2-to 4-fold increases in IL-8 secretion were detected after CD74 stimulation by either agonistic antibody or MIF (see SI Table 4 ) in B-CLL cells when compared with unstimulated cells. These data collectively support the role of CD74 in up-regulating IL-8 secretion in B-CLL cells.
To elucidate whether MIF secreted from B-CLL cells regulates their IL-8 expression in an autocrine manner, cells were incubated in the presence or absence of the MIF inhibitor ISO-1 (Fig. 3 G and  H) or CD74 blocker hLL1 humanized antibody (Fig 3 I and J) , and IL-8 expression was then analyzed. ISO-1 and hLL1 significantly inhibited IL-8 transcription (Fig. 3 G and I) , resulting in a reduction of its secretion into the cell-conditioned medium (Fig. 3 H and J) . Thus, MIF secreted from B-CLL cells activates CD74, resulting in regulation of IL-8 secretion.
IL-8 Induces a Signaling Cascade Resulting in Bcl-2 Expression in B-CLL
Cells. In the next series of experiments, we tested whether the signal transmitted by IL-8 results in activation of downstream signaling cascades. B-CLL cells were first stimulated in the presence or absence of IL-8 for various periods, and phosphorylated proteins were analyzed by Western blot analysis by using anti-p-Tyr antibody. As shown in Fig. 4A , stimulation with IL-8 resulted in phosphorylation of mainly two bands of Ϸ72 and Ϸ55 kDa. Thus, IL-8 initiates a specific signal cascade resulting in phosphorylation of certain intracellular proteins. Because the molecular mass of Akt is Ϸ55 kDa, we investigated whether the PI3K/Akt pathway is activated after IL-8 stimulation. B-CLL cells were incubated for different time periods with IL-8. Next, cells were lysed and phosphorylated proteins were analyzed by Western blot analysis by using an anti-p-Akt antibody. The membrane then was stripped and reprobed with an anti-tubulin antibody to normalize the total protein level. Increased Akt phosphorylation was detected in B-CLL cells, peaking at 1 min after stimulation (Fig. 4B) .
To determine whether IL-8 transmits a signal that results in activation of the activation domain in the nucleus (9), we analyzed its role in NF-B activation in HEK-293 transfected cells. As shown in Fig. 4C , IL-8 induced the activation of NF-B to a significantly higher level in the CD74-expressing cells. Thus, IL-8 activates NF-B in a CD74-dependent manner. To clarify whether IL-8 induces a CD74 downstream cascade, we analyzed its effect on CD74 intramembrane cleavage and the release of the CD74 cytosolic domain (CD74-ICD). As shown in Fig. 4D , IL-8 upregulated the release of CD74-ICD, showing that IL-8 enhances the signaling cascade induced by MIF and CD74.
To examine whether IL-8 regulates the survival pathway initiated by CD74 stimulation, B-CLL cells were first stimulated with IL-8, and the expression of the B cell antiapoptotic gene Bcl-2 was analyzed. As shown in Fig. 4E , IL-8 significantly elevated Bcl-2 mRNA steady-state levels. Similar results were obtained with cells from patients at all stages of the disease.
The possibility that endogenous IL-8 may mediate a survival signal in B-CLL cells was further investigated in the presence of a neutralizing anti-human IL-8 monoclonal antibody. B-CLL cells were incubated in the presence or absence of anti-IL-8 or a control antibody (IgG1). As shown in Fig. 4F , whereas control antibody did not affect Bcl-2 mRNA, anti-IL-8 down-regulated the mRNA levels of this gene. To further show that IL-8 regulates the CD74-induced Bcl-2 mRNA levels, B-CLL cells were stimulated with a stimulatory anti-CD74 antibody and cultured with or without the blocking anti-IL-8 antibody (10 g/ml) for 18 h. Bcl-2 transcription levels were then analyzed by means of RT-PCR. As shown in Fig. 4G , stimulation with anti-CD74 antibody increased Bcl-2 mRNA levels significantly. However, addition of anti-IL-8 mAb significantly down-regulated Bcl-2 mRNA levels even less than those of untreated cells. To corroborate the mRNA RT-PCR data at the protein level, cells were lysed, and Bcl-2 protein was analyzed by Western blot analysis by using anti-Bcl-2 antibody. As shown in IL-8 Autoregulates Its Own Expression. Once we determined that IL-8 is a key protein in the CD74-induced survival cascade, we decided to track the mechanism that regulates its expression. We began by investigating the possibility that IL-8 could modulate its own expression in B-CLL cells in an autocrine fashion. To determine whether IL-8 could augment its own transcription, B-CLL cells were incubated in the presence or absence of IL-8 (5 ng/ml) for 18 h, and IL-8 transcription was then analyzed. As shown in Fig. 4I , IL-8 mRNA levels were elevated in cells incubated in the presence of exogenous IL-8. Blocking of IL-8 secretion by B-CLL cells specifically inhibited its own transcription (Fig. 4J) . We next analyzed the role of secreted IL-8 in this autocrine regulation, after CD74 cell-surface stimulation. Activation of CD74 elevated IL-8 mRNA levels, a process that was inhibited by anti-IL8 mAb (Fig.   Fig. 4 . IL-8, secreted after CD74 stimulation, regulates Bcl-2 expression in an autocrine manner. (A and B) B-CLL cells were incubated in the presence or absence of IL-8 (5 ng/ml) for various periods. Cells were fast-frozen and lysed as described in Methods. 4K). These results suggest that IL-8 is involved, in an autocrine manner, in the regulation of its own transcription. Therefore, the CD74 cytosolic domain induces a signaling cascade that induces both IL-8 secretion and transcription of survival genes.
IL-8 Regulates B-CLL Cell Survival. Finally, to directly demonstrate whether anti-CD74 agonistic antibody or IL-8 stimulation induces B-CLL cell survival, B-CLL cells were incubated in the presence or absence of anti-IL-8 mAb and a control antibody (IgG1). The cells were then analyzed for Annexin staining. As shown in Fig. 5A , incubation with anti-IL-8 resulted in a specific elevation in Annexin-positive cells. In addition, as shown in Fig. 5B , CD74 stimulation reduced the percentage of Annexin-positive cells, whereas in cells incubated with both anti-CD74 and anti-IL8 antibodies, there was a dramatic elevation in the Annexin-positive population. Moreover, incubation with hLL1, the CD74 antagonistic antibody, significantly elevated the apoptotic population (Fig. 5C) . Thus, CD74 regulates B-CLL survival. Whereas its stimulation reduced the apoptotic population, there was a significant elevation in this same population in the absence of IL-8.
We further followed the role of CD74 and IL-8 in B-CLL survival using a cell-death ELISA. As shown in Fig. 5D , incubation with IL-8 (lane 5) or anti-CD74 stimulation (lane 3) reduced cell death, a process that was specifically inhibited by anti-IL-8 mAb (lane 4) regardless of the clinical status of the patients. Thus, CD74 stimulation regulates cell death by secretion of IL-8.
Discussion
Chronic lymphocytic leukemia is a malignant disease of small mature lymphocytes, manifested by the progressive accumulation of the malignant cells, mainly due to decreased apoptosis. In this study, we have shown overexpression of CD74 in CLL cells regardless of the clinical status of the patients. We also demonstrated that CD74 expression leads to a significant augmentation of a survival cascade in B lymphocytes, and that CD74 signaling plays an important role in the increased survival of CLL cells.
In macrophages, CD74 is a high-affinity binding protein for the proinflammatory cytokine MIF (5). It is interesting to note that MIF is also related to tumor progression: MIF has also been associated with the growth of malignant cells (16, 20) . In addition, anti-MIF Ig therapy has been shown to induce an antitumor response (21) . We demonstrated previously that CD74 expressed on the surface of normal, mature, murine B cells initiates a signaling pathway that activates NF-B and leads to subsequent cell survival (9, 13 ).
In the current study, we followed this MIF-induced CD74-mediated pathway in human B-CLL cells and analyzed the genes whose expression is induced by this activation. We demonstrate that B-CLL cells markedly up-regulate both expression of their cellsurface CD74 and their MIF production. Stimulation of CD74 with an agonistic antibody or with the MIF ligand initiates a signaling cascade leading to IL-8 transcription and secretion in all B-CLL cells, regardless of the clinical status of the patients. Secreted IL-8 induces the transcription and translation of the antiapoptotic protein Bcl-2 and thus regulates an antiapoptotic pathway, though no effect on proliferation was observed (data not shown). Blocking of CD74 (by hLL1), the secreted MIF, or the IL-8 target genes results in dramatic down-regulation of Bcl-2 expression, and augmentation of apoptosis, which is consistent with previous studies showing antiproliferative effects of hLL1 against B cell lymphomas in vitro and in vivo (18) . Thus, these studies demonstrate that CD74 and its ligand, MIF, play a pivotal role in the regulation of B-CLL cell survival.
IL-8 is a member of the CXC chemokine family that plays an important role in autoimmune, inflammatory, and infectious diseases (22) (23) (24) . Because of its potent proinflammatory properties, IL-8 is tightly regulated, and its expression is low or undetectable in normal tissues. However, it is now known that IL-8 also possesses tumorigenic and proangiogenic properties (25) . Our studies indicate that the activation of cell-surface CD74 augments IL-8 secretion, which then regulates its own expression in an autocrine manner. We demonstrated previously that activation of CD74 leads to activation of the p65/RelA member of the NF-B family in B lymphocytes (9, 13) . Taken together, our data suggest that the CD74-signaling cascade initiates the activation of NF-B, resulting in increased IL-8 expression and in an autocrine/paracrine survival response by B-CLL cells.
In conclusion, our data show that overexpression of CD74 in CLL is an important survival mechanism that appears to be an early event in the pathogenesis of the disease. These findings could pave the way toward unique therapeutic strategies that may be aimed at interrupting this survival pathway.
Materials and Methods
Patient Population. B lymphocytes taken from the peripheral blood of both healthy subjects (normal) and CLL patients who satisfied diagnostic and immunophenotype criteria for CLL, at various stages of the disease, were provided in accordance with the institutional review board of the hospital, as described previously (26) . The diagnosis of CLL was based on standard criteria and patients were staged according to the Rai staging system (27) . 
